Abstract
Introduction

48
Muscle regeneration requires a local population of stem cells termed satellite cells (33). Satellite 49 cell activity is controlled by competing signals mediated by cell-cell contact, and by growth 50 factors and hormones (4) that modify muscle genetic programs directed by myogenic 51 transcription factors (16, 31). Among molecules with pro-myogenic actions are the insulin-like 52 growth factors, IGF1 and IGF2 (18, 28). These proteins play critical roles in muscle 53 development and growth in the fetus (21, 27) and post-natally (2, 25, 34), and help coordinate 54 muscle restoration and re-innervation after injury (3, 6, 23, 24) . 55
56
IGF2 was identified as a key quantitative trait locus for muscle mass in pigs, with more heavily 57 muscled animals bearing a single nucleotide polymorphism in the IGF2 gene (34) that was 58 responsible for stimulating gene activity by interfering with binding of a transcriptional repressor 59 (5, 22). Other studies have shown that secreted IGF2 functions as an autocrine-paracrine factor 60 for muscle differentiation (11, 12, 15, 17, 37, 38)}. Yet until recently little was known about 61 mechanisms of regulation of IGF2 in muscle cells (1, 14) . 62 63 IGF2 gene control is complicated because it is part of a conserved autosomal linkage group that 64 undergoes parental imprinting (10). In most mammalian species, Igf2 is expressed from the 65 paternally derived chromosome, with adjacent H19 being activated on the maternal chromosome 66 via epigenetic actions of an imprinting control region (ICR) found in inter-genic chromatin (10). 67 DNA within the ICR contains sites for the nuclear protein, CTCF (10, 26, 35 fetal bovine serum and 200 µg/ml G418 at 37°C in humidified air with 5% CO 2 . For studies of 121 muscle differentiation, cells were infected at ~50% of confluent density with a recombinant 122 adenoviruses for MyoD (Ad-MyoD) (39), followed by washing in low-serum medium 18-20 hr 123 later, and incubation in DM for up to 72 hr. 124
125
Analysis of gene expression. Whole cell RNA was isolated and assessed by agarose gel 126 electrophoresis (38). Total RNA (2 µg) was reverse-transcribed with oligo-dT primers, and 127 cDNA (0.5 µl) used as a template for conventional PCR (1). Pilot studies established cycle 128 numbers that achieved linear amplification (~24 -28 cycles). Primer pairs are found in Table 1 . 129
Products were visualized after agarose gel electrophoresis by staining with ethidium bromide. 130
Results are representative of > 3 independent experiments. Quantitative RT-PCR was performed 131 as described (7) with BioRad Chromo4 Real-Time PCR detection system and the same primer 132 sets (Table 1) . 133
134
Immunocytochemistry. Cells were fixed and incubated with antibodies to troponin-T in 135 blocking buffer for 16 hr at 4°C (37) . Secondary antibody (1:2000 dilution) and Hoechst dye 136
(1:1000) were added in the dark for 1.5 hr. Images were captured with a Nikon DS-Qi1Mc 137 camera and Nikon Eclipse Ti-U inverted microscope using NIS elements 3.1 software. 138
139
Results and Discussion
141
Developing chromosomally integrated mouse Igf2 transgenes. We previously identified a 142 DNA segment within the mouse Igf2 -H19 locus that interacted in chromatin with Igf2 gene 143 promoters more than 100 kb away, but only during muscle differentiation (1) . Biochemical 144 studies using promoter-reporter assays revealed that a 294-bp element within this segment could 145 activate a linked Igf2 promoter in differentiating myoblasts, but not in fibroblasts (1) . To test the 146 hypothesis that this element was required for Igf2 gene transcription in muscle, we developed 147 recombinant cell lines in which nEGFP-tagged versions of Igf2 in the Igf2 -H19 locus were 148 integrated in chromatin ( experiments in muscle cells (1) . In a fourth BAC, the enhancer DNA was re-inserted further 156 Fig. 1B, bottom) . 157
158
The mutation in Enh-KO and Enh-KI BACs would potentially disrupt the Nctc1 transcription 159 unit (14). Nctc1 encodes a long non-coding RNA found to be expressed in muscle, though at 160 levels ~0.1% of Igf2 (13). Eun et al have argued that Nctc1 transcription is required for muscle 161 enhancer function in chromatin (14). Our studies provide an independent test of this hypothesis. 162
163
Transgenic DNA was integrated into C3H10T1/2 cell chromatin by selection with G418. 164
Individual clones were isolated and expanded, and all lines were tested for an intact modified 165
Igf2 gene, for pGK Neo, and for other components of the modified BAC by PCR and targeted 166 DNA sequencing. Three to six cell lines of those screened for each construct maintained all of 167 these features, and representative cells were chosen for further study. Copy numbers of 168 recombinant BACs in the lines used here varied from 2 -4 per haploid genome (Fig. 1D) . followed by incubation in DM ( Fig. 2A) . Time-course studies revealed that induction of 175 endogenous myogenin and Igf2 trancripts occurred within 24 hr of addition of DM, that 176 expression was sustained for at least 72 hr, and that Igf2 mRNA levels were equivalent in both 177 cell lines (Fig. 2B, C) . Igf2-nEGFP transgenic mRNA was expressed with identical kinetics as 178 endogenous mouse Igf2 in cells encoding the wild-type BAC, but was undetectable in Enh-KO 179 or Enh-Ebox-ko myoblasts (Fig. 2C) . Analysis by immunocytochemistry of muscle 180 differentiation revealed that formation of multi-nucleated myotubes proceeded equivalently in all 181 three lines (Fig. 2D) . EGFP was seen within the nucleus only in differentiating myoblasts 182 containing the wild-type BAC (Fig. 2D, E) . Thus, based on these results, an intact 294-bp distal 183 enhancer appears to be required for induction of Igf2 gene transcription during muscle 184
differentiation. 185 186
An enhancer knock-in restores Igf2-nEGFP fusion gene expression. Having established that 187 the distal enhancer was necessary for production of chimeric Igf2-nEGFP transcripts and nEGFP 188 during muscle differentiation, we next asked if its replacement elsewhere within the 189 chromosomal locus could restore transgenic gene expression. Cells containing the Enh-KI BAC 190 (Fig. 1B) were converted to myoblasts with Ad-MyoD, followed by addition of DM. course experiments demonstrated that muscle gene and protein expression, and progressive 192 myotube formation occurred in cells containing the Enh-KI BAC with kinetics similar to those of 193 the wild-type BAC (Fig. 3A, B) . However, nEGFP was detected only in differentiating 194 myoblasts containing wild-type BAC (Fig. 3B) , potentially because levels of Igf2-EGFP mRNA 195 transcribed in Enh-KI myoblasts, as measured by qRT-PCR, were only ~25-30% of those 196 produced by the wild-type BAC transgene (Fig. 3C) . Based on these results, the 294-bp 197 enhancer element seems to have some positional flexibility in promoting Igf2 gene transcription 198 during muscle differentiation, but its activity appears to be attenuated in its new location. 
